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SUMMARY

Bxamination of published data for some 52 isotopes indicates that
the neutron energy for which the first resonance occurs is related to
the msgnitude of the thermsl sbsorption cross section. The empirical
relstion obtelned is in qualitative agreement with the results of =
simplified version of the resonance theory of the mucleus of Brelt-Wigner.

INTRODUCTION

The sparsity of information concerning neutron cross section for
stable isotopes in the rather wide neutron energy range occurring in
nuclear reactors makes evaluation of the infiluence of materials to be
used in reactors quite difficult. In particular, neutron absorption
data are in meny ceses almost completely lacking; for most isotopes,
only the thermal values and a few lsolated higher energy values are
known. For meny nucleil, neutron resonances occur .at particular neutron
energies in the neighborhood of which very large cross sections are
observed. As lndicated 1n reference 1, apprecisble portions of these
resonances may be absorptive.

The theory of neutron capture would provide a means for computing
cross sections if it were possible to carry out the necessary calcu-
lations with respect to the muclear energy levels of the compound
micleus. Such calculations have proved, for the most part, to be
imposgible. The theory, however, does indicate the sbsorption cross
section below the first resonance to vary inversely as the neutron
velocity. Knowledge.of the position and width of the first resonance
would determine the neutron enepgy for which the inverse-velocity
variation of gbsorption cross section ceases.

From examination of published data for some 52 stable i1sotopes,
it is shown that it 1s possible to obtain an estimste of the neutron
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energy at which the first resonance occurs from the thermal neutron
gbsorption cross section. The empirical relation cbtalned from the
experimentel information is in qualitatlve agreement with the indi-
catlons of a simplified version of the resonance theory of the mcleus
of Brelt-Wigner.

SOURCES OF ISOTOPIC DATA

The physicel data for 34 isotopes, for which the thermal absorption
cross sectlon Catnh énd the neutron energy for the first resonance

Er have been assigned with reasonsble sassurance, are presented in
table I. ' :

Neutron cross-section data were taken principally from reference 2
in which the grephs of total cross sectlion as a function of neutron
energy served to locate generally the first few well-defined resonances.
The specific energles at whilch the resonances occurred and isotopic
agsignment were verified for most of the isotopes from the orlginal
papers referred to in reference 2. A few elements listed, composed of
& number of isotopes, contain a single preponderant isotope; the first
strong resonance Indlcated on the total cross-section curve was assigned
to this 1sotope. . :

For elements for which fairly complete data are.avallable, there
i1s usually a smell gap in the total cross-section curve in the neutron
energy range between the upper limit availsble from slow neutron
spectrometers and the lower limit of particle asccelerator neutron
sources. Where values of totel cross sections at these limlts matched,
1t was assumed theit no resonances occurred in this gap.

Isotopic thermsl sbsorption cross sections and relative isotoplc
gbundances of the. elemente were taken Prom references 3 to 7; the pile.
osclllator values of thermsl sbsorptlion cross section were chosen
wherever available. A few unknown isotopic thermal absorption cross
gsectlions were estimated from tlie known thermal absorption cross sections
for the other isotopes of the element and the relative isotopic sbundances.
Additionel resonance data were .obtalned from references 8 to 13.

Data on nine elements, each consistlng principally of two lsotopes
wlth known thermal-gbsorption cross sections end having well-defined
resonence peaks on the total cross-sectlon curves are presented in o
table II. The lowest two reaonsnce peaks have been aselgned to the
two individual isotopes in accordsnce with an empirical relation to be
observed from the data of tahle I.

(A4
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CORRELATION OF THERMAT, ABSORPTION CROSS SECTION
WITHE NEUTRON ENERGY FOR FIRST RESONANCE

The dependence of thermal-gbsorption cross-sectlion og (corres-

ponding to an energy of 0.025 ev) on the neutron energy for the first
resonance ER for the isotopes of teble I is presented in figure 1.
The even-even, even-odd, odd-even, and odd-odd nuclei are indicated as
such. With the exception of the two odd-odd lithium and nitrogen
muclel, there is a general correlation between Ts8th and Er. It is

gpperent that ER Iincreases with decreasing Oaty rather irregularly.

It is, however, impossible to drew any conclusions concerning ‘differ-
ences in the behavior of even-even, even—odd, and odd-even nuclel.

The dependence of Oayp ©OR Er for the nine pairs of isotopes

of table JII is presented in figure 2. The well~-defined resonances for
each element have been. assigned to the isotopes of the element in
accordance with the genersl relation represented in figure 1. All of
these isotopes happen to be odd-even nuclel with exception of the odd-
odd boron isotope. Agein, although the scatter in the date 1s large,
the same general relatlon holds.

Anelysis in reference 13 of the B0 neutron cross-section data
indicates the presence of resonances at energies below the well-defined
resonance at 2 Mev; the reference suggests that a number of resonances
combine to form a broad pesk nehr 100,000 electron volts. For energies
1n the region of 100,000 electron volits, the odd-odd boron isotope
still departs significently from the other nucledi.

A reason for the large scatter at the high energy resonances may
be the following: The low energy flrst resonances are observed princi-

. pally in heavy nuclei for whlch neutron capture with gamma or beta

emission is the dominant sbsorption reaction. The neutrons involved
have minimim anguler momentum, and resonsnce processes involving them
would be expected to be related to the thermal cross section, which is
elso due to these s-neutrons. The high energy first resonsnces occur
mainly in light nuclei involving neutron capture with emlesion of
various particles; the neutrons involved may possess one or more units
of anguler momentum, so the resonance processes are not expected to be
related to the thermal-sbsorption procees. For example, as cited in
reference 14, the resonance sbsorption of neutrons by Li6 with alpha
emigsion at energies of ebout 250,000 ev is known tc be due to p-neutrons
(neutrons with one orbital unit of angular momentum).

The deta of figures 1 and 2 are replotted in figure 3 for compari-
son. The palred isotopic date fgll within the scatter of the data of
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figure 1. Except for the three odd-odd miclei LiS, BLO, ang gl4,
all. of the availeble isotoplc data have some measure of correlation.

Additional contributory evidence of the validity of the general
relation indicated in figure 3 is presented in table III. The resonance
energles qualitatively indicated in the table fall within the scatter
of data in figure 3.

IMPLICATIONS FROM NEUTRON RESONANCE THEORY

The géneral dependence of ' dgyy on Er shown in flgure 3 wmay
be explained by the theory of excited states of the compound nucleus.
Development and application of thls theory are presented in refer-
ences 15 and 16; it will be shown that after introducing some fairly
general experimentel informetion into the theory, the theory approxi-
mates the experimental data conceraning the ihdividual miclel.

The cross gection for an absorption or scattering process as a
function of the energy of the lncident particle near an isolated
resonance is given by the Breli-Wigner single level formuila. Inasmuch
as the date in question are concerned with energles below the first
" level, the single level formmla will essentially give correct results

down to very low energiles. :

The absgorption cross sectlon og for a neutron of kinetic energy
E incident upon a mucleus with a resonance level occurring st a
neutron energy" Er (both energies measured in the center of mass
system) 1e giver by

~

Og = TKKRE | — Tel'n (1)
r 2
= + (B-Eg)

where 2nX and 2%z are the neutron wave lengths corresponding to

the energies E and Ep, respectively, and 'y and T, are the energy
widths for the emisalon of a y-ray or a charged particle (neutron
capture) and the emisgion of a neutron (scattering), respectively, at
the energy Er. The totael width- I' 1is glven by the sum of the partial
widths Fg and Ty, which are measures of the relative probabillity

of neutron gbsorption and scattering.

The quantity g 1s a statlstical weight factor determining the -
fraction of the total resomance states of the compound muicleus corres-
ponding to & particular procgss. If a neutron has no anguler momentum
with respect to thHe nucleus by which 1t 1s captured, which is usually =
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the case, and if this nucleus has the spin I, then the quantity g
is given by
1
)

e=7 UtgyT (2)

For large I, g has & value of sbout %; for I equal to zero,
only the plus sign 1s significant and g hes its maximum value of 1;

it has its minimim value of 1 for I of %. If, for simpliecity, a

value of g equal to é is introduced in equation (1), the largest

error resulting in og 1is a factor of 2.

The remsining quantitites affecting og are the neutron absorp-
tion and scattering widths I'y and T'p. Empirical and theoretical
rules for estimating these values for various nucleil are presented in
references 15 and 16, The sbsorption width Iy corresponding to the
emission of y-rays or of charged particles has been inferred from
experimental data. Bethe (reference 15) has summarized the results
for widths corresponding to y-ray emmission; his results indicate that .
Tg &are of the order of 0.1 to 1 electron volt for most of the medium
heavy nuclei; for light nueclei (as obtained from proton capture data)
Tg 18 of the order of 1 to 10 electron volts. An spproximate express-
lon for the neutron width mey be obtalned from experimental data
summerized in references 15 and 17 and from the theocretical discussion
in references 16 and 18, The results can be represented by the follow-
ing equation: .

=C VEg D (3)

where C 1s constant for e given mucleus end veries from 10~4 to
l . .

10-3 (ev) 2 for various muclei end D 1s the resonsnce level spacing.

The resonance level spacing D 1s not known fof most nuclei. IF,
however, D 1s taken as being spproximately equal to the kinetic energy
BR of the neutrons corresponding to the first resonance, equation (3)
becomes

n = Clag) /2 | (2)

In order to check the values of I'gy and F glven and to determine
C of equation (4) more precisely, use is made of the experimentsl data
of reference 1 whereln messurements of resonance scattering and reso-
nace gbsorption integrals and average values of the resonance scattering
fraction Pn/P gre presented for a number of elements and isotopes.
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From these data, values of gI' have been computed; by assuming a

value of g of % (for reasons explalned previously) the width values

I, and Ty have been calculated for these elements and lsotopes.

These data are presented in table IV. The widths I'), and Ty are
also represented as & functlon of ER in figures 4 and 5, respectively.
The dependence of T, on ER ii reasonably well represented by equa-

tion (4) with C = 5x107% (ev) E, which 1g represented by the straight
line in figure 4. The absorption widths Ty increase with Er as
indicated in figure 5; the average 1s asbout 0.1 electron volt as claimed
by Bethe. .

If the absorption cross section is measured in barns and neutron
energies and widths are measured in.electron volts, the single resonance
level formule of equation (1) may be written

_ 65.8x10% g Tal'n (5)

i 2
R4 (m-mR)?

Using & value.of g of % and width T, as given by equation (4)

with a value of C of 5*10'4, the @bsorption cross section og 18
given by

165 T.Eg
- 3/2
VB |90t B 2 B (rd

Og =

(6)

For .resonance energies sbove 1 electron volt, the effect of the
total width in equation (5) or (8) is negligible so that the thermal -
absorption cross section ogy)y evaluated at E equal to O. 025 electron

volt may be given.by
1040 Ia _ . (7)

Oaty = o

Inasmuch as' [y 1s elmost independent of ER, equation (7) provides
the reason for the correlatlion between o0ay), &and ER.

2522,
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Equation (7), with the assumption of TI'g of 0.1 electron volt,
1s plotted in filgure 3 and appears to agree fairly well with the experi-
mental resonance data of the medium and heavy nuclel where the assump-
tions made are most velid. Equation (7) with a Ty of 10 electron
volts, as appropriate for the case of light nuclel (in accordance with

summary of experimental data in reference 15), is also plotted on

Pigure 3 and is in fairly good agreement with the experimental results
obtalned for light nuclel.

The isotopes Gd;57; Smlég, and €313 have resonance energies
which sre small compared with their widths so that equation (1) does
not apply. The thermsl-sbsorption cross section at 0.025 electron volt
for Sml4® 1s an average over the thermal spectrum of neutrons and so
includes considersble contribution from the resonance peak. It is not
surprising, therefore, that these isotopes (fig. 3) show cross sectlons
in excess of that gilven by equation (7).

~

CONCLUDING REMARKS

Examination of published date for some 34 lsotopes indicates that

'the neutron energy for which the first resonance 1s observed 1s related

to the magnitude of the thermal ebsorption cross section in a way
indicated by the theory of the compound micleus.

The empirical relation 1s applled to nine palrs of additional
1sotopes with well-defined resonances, but with uncertain isotopile
assigrment, as _additionsl evidence of the correlation.

Lewis Flight Propulsion Lsboratory, .
National Advisory Committee for Aeronautles, .
Cleveland, Ohio.
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TABLE I - ISOTOPIC DATA
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Isotope |Abundance § Ja, Reference ER Reference
%gegiggg?tr(barns) (ev)
oHe* 100 0.006 4 1,100,000 2
sL16 7.30 890 (2) 270,000 2
4Be’ 100 .0085 4 625,000 2
gCt2 98.89 .0035|  (a) 3,600,000 2
e 99.64 | 1.86 (2) 500,000 2
got6 99.76 .001 (a) 440,000 2,3
gF1% 100 .01 3 35,000 2
llNa25 100 A7 4 3,000 2
1oMeet 78.98 .027 7 230,000 2
134127 | 100 .22 4 2,300 3
145128 92,19 .08 7 600,000 2
16552 95.06 .48 (2) 111,000 2
200a4° 96.92 .0002 5 255,000 2
ozVot 100 4.72 4 2,700 1
osMn®3 | 100 12.8 4 345 2
27059 | 100 34,2 4 120 2
z0Zn’ 4.12 1 (a) e80| 1,2
z00e’d 7.9 13,7 4 95 1
45RRIO3 | 100 150 4 1.30| 2,3
4gPai08 | og 7 11 5 24 3
4728071 51.35  }30.0 6 16| 2,3
47Ag209 | 48,65 | 83.7 6 5.1 2,3
4gCat13 | 12,34 | 24,000 5 0.17{ 2,3
4gCatié 7.66 1.40 5 110 3
531127 | 100 6.06 4 20.3| 2,3
623m149 13.84 65,000 3 0.098 2,3
gobmid®2 | 26,63 135 3 10.0 2,3
gzEuls3 | 52,23 240 3 0.465 3
64Gd17 [ 15,71 [p40,000 3 0.031{. 2,3
73Tat81l | 100 21.3 4 4.1 2,3
2 w186 28.64 34 5 18| 2,3
77Ir1d1 | 38,5 1000 5 0.620f 2,3
771pt93 61.5 130 5 1.29 2,3
794ul®7 | 100 95 4 4.8/ 2,3

aEstimated from values of
in element and relative lsotoplc abundances.

Satn known for other lsotopes

1

222
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TABLE II - PATRED ISOTOPES
Isotope iﬁug%:gggt By Refergnce\ (25 Reference
(percent) [ (barns)

5B10 18.83 3800 (a) 2,000,000 o
sB1L 81.17 0.05 5 430,000 2
19K39 93.08 2.13 (a). 70,000 2

1 gK41 6.91 1.0 5 305,000 2
0gCub3 | 69.09 4.3 3 570 3.
0gCub® | 30,91 2.1 3 3000 3
z16a89 | 60.2 1.5 3 278 8
x10’t | 39.8 3.4 3 100 8
5B 0 50.57 10.9 5 34 9
z5BrSl | 49.43 2.25 5 125 9
1oInt3 | 416 58 5 3.8 2,3
49InllS |- 95,84 197 5 -1.44 2,3
518p121| 57.25 6.8 5 5.8 2,3
51Sp123 | 42,75 2.5 5 15 2,3
,cRe185 1 37,07 101 - k5 2.16 2,10
7sRe87| 62,93 75 5 4.5 2,10
g T1293 | 29.52 7.6 5 u 230 (b)
g T129% | 70.48 0.11 5 4300 (b)

a _
Estimated from values of

in element and relatlve l1sotoplc abundances.

dayp wnown for other lsotopes

Ppata obtained at Columbia Unlversity.

-
P



TABLE IIT - CONTRIBUTORY EVIDENCE YA
Isotope| Abundance Oay Reference Resonance energy Reference
h

in element

(percent) (barns)
13A4O 99,60 0.60 3 Resonance gbove 10,000 ev suggested 12
x 8et® | 100 11.8 4 Resonance cited at 1000-10,000 ev 1
zzA87° | 100 4.14 4 Resonance clted at 100-1000 ev 1
102r%0 | sl.46 £11 3 Resonance dip at 800,000 ev may be 13

' due to most abundant isotope

41093 | 100 1.08 4 No rescnance apparent below 1000 ev| 14
57La139 100 8.8 4 No resonance apparent below 700 ew 2
8531209 100 .015 3 No resanance apparent below 1,4 Mev 2

2e2d
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TABLE IV - NEUTRON RESONANCE SCATTERING AND ABSORPTION
WIDTHS AS CALCULATED FROM EXPERIMENTAL

DATA OF REFERENCE 1
~RAA
Isggope qath Ep EE' (353 _ Dna paa
element | (barns) (ev) r o1 (ev) (ev)
13A1?7 0.22 | 2300 .99 [11.8 23.3 0.24
osMn®® | 12.8 345 .99 {12.5 24.8 .25
5700°9 | 34.2 120 .94 | 1.58 2.96 .19
ogCudil} 3.6 {~1000 .95 | 9.40 |17.9 .94
510221l 2.8 L 200 .95 | 1.35 2.57 .13
33As75 4.1 |~ 500 .72 .89 1.28 .50
+sRn103 (150 1.30 .043] .0053| .0005{ .01
4728107 | 30.0 15 .071] .087 .0085| .12
4782109 | 83,7 5.1} .038[ .20 015 | .39
51508111 5.3 ~ 5 .21 .0050 .0021{ .008
531127 6.06 20.3 | .31 | .055 .034 | .076
g25mi52 1135 10 .66 .17 .22 11
2oHE2LE 1102 ~ 1 .17 .0023| ,0008| .004
735Tal8l} 21 3 4.1 .12 | .020 .0047| .034
W86 | s 18 .81 .18 .28 .061
-cRe®1l | 84 ~3 .11 .0l12 .0026| .021
798ul7 | 95 4.8 .14 .060 017 | .10
g1T12931 7.6 230 .80 .80 | 1.27 .32

aCalculated using statistical welght factor g of %w
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Figure 5, - Varlation of neutron absorpbtlon wldth with resonance

ensrgy as calculated from data of reference 1, Statistical
weight Pactor g assumed equal to 1/2.
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